The Hall-Heroult process for the production of Aluminium metal is some 125 years old. The process is energy constrained by the need to shed around half of the (electrical) energy supplied to the cell as waste heat. The molten cryolite electrolyte is sufficiently aggressive that the only reliable method of protecting the side wall of the cell is to maintain a frozen layer of electrolyte at the hot face of the sidewall. Thus the lack of a cryolite resistant sidewall is but one of several materials science constraints which still limit the energy efficiency of the process. An inert anode and non-consumable cathode are also significant challenges which limit cell life and energy efficiency. Thus there are major challenges in both materials development and new conceptual cell designs to improve the efficiency of this process.
Introduction
The production of primary aluminium metal has expanded dramatically over the past few decades, driven by applications such as the lightweighting of transport fleets and increasing usage in packaging and construction.
1,2 The consumption of such metals also closely maps growing affluence in the emerging economies, especially that of China.
Although there have been considerable gains in energy efficiency over the history of the process, even over the past few decades (Figure 1 ), in an increasing energy and carbon constrained world, this efficiency is being increasingly closely examined. Despite this, the survival of the current Hall-Heroult process for the past 125 years suggests solutions that would dramatically increase energy efficiency are extremely challenging. Within the current process, two themes have long been the centre of such efforts. The first is the development of an inert anode as a replacement for the current carbon blocks used in rotas of around 20-25 days as they are progressively consumed. A dimensionally stable inert anode would limit the need to make adjustments to the anode cathode distance, would discharge oxygen rather than CO 2 as the anode gas and would avoid the major thermal perturbation of the cell induced by the removal of a hot anode butt and replacing it with a new, cold, anode. However the cell reaction in the current Hall Heroult, summarized as;
lowers the net cell voltage by around a volt by virtue of the reaction of carbon and oxygen to produce CO 2 and thus an inert anode without the help of this reaction, would significantly increase energy consumption. If the additional power required is generated from thermal sources, this can more than offset the CO 2 savings at the reduction cell. Despite massive efforts, and indeed commercial announcements of such an anode, this is yet to be adopted at more than trial cell levels. 4, 5 The second major opportunity is the replacement of the sidewall lining of the cell with a material resistant to the molten cryolite (Na 3 AlF 6 ) electrolyte in its liquid state. Current cell designs rely on the presence of a frozen electrolyte layer on the hot face of the sidewall in order to limit chemical attack of the sidewall. Thus in addition to maintaining the electrolyte in a molten state, part of the heat generated from the resistive heating of the molten electrolyte is shed through the sidewall and top of the cell. The cumulative losses to waste heat lost are the major contributors to limiting total energy efficiency to around 50% in the leading technologies. A sidewall material resistant to molten cryolite would thus allow the cell to be insulated and substantially lower the heat losses to the surroundings.
Although both of the factors above have major impacts on the energy efficiency of the Hall-Heroult process, the lifetime of most cells is dictated by the life of the carbon cathode. The high conductivity, increasingly graphitic carbon cathodes currently required are subject to erosion, again limiting the life of the cell. This paper considers progress, particularly advances in modified sidewalls, as well as some of the materials constraints in the wider development of alternative Al production technologies.
The reduction cell sidewall
Hall-Heroult reduction cells have historically used jointed carbon blocks as the sidewall material. However attack by molten cryolite and the air reactivity of the sidewall limited the lifetime of these sidewalls. The current state-of-the-art and almost universally adopted sidewall material is a silicon nitride bonded silicon carbide (SNBSC) refractory (figure 2) which has greater corrosion resistance than carbon and although electrically insulating, has sufficient thermal conductivity to maintain a frozen electrolyte layer on the hot face. This has allowed the adoption of much thinner profiles in the refractory sidewall and thus a greater usable volume inside the fixed external shell of the cell. However these SNBSC materials are still subject to unpredictable and sometimes precipitous failure. 6, 7, 8 The refractories are formed by the nitridation of a SiC/Si composite green form where reaction with N 2 at temperatures up to 1400 o C forms the Si 3 N 4 binder phase. 5, 6 Microstructural analysis of SNBSC materials from a range of manufacturers has identified variations in α/β Si 3 N 4 ratio through the crosssection, and significant porosity in this binder phase. 9, 10, 11 This is attributed to limitations in the control of temperature within the refractory during nitridation, with higher porosity levels and β Si 3 N 4 content found in the interior part of the brick. The fact that these parameters are inter-linked makes it difficult to test each independently. Unreacted metallic silicon is occasionally observed, but only as a crystalline phase inside SiC grains and is generally not associated with the binder phase.
Experimental
In the light of the unpredictable failure of these SNBSC materials, studies were carried out of their mode of failure. Samples (15 × 15 × 165 mm) were sectioned from the large refractory blocks and in a laboratory scale test rig (figure 3), exposed to both the molten electrolyte and to cell gases generated under electrolysis conditions. Correlations between microstructure, chemistry and susceptibility to attack were examined. Modifications designed to reduce susceptibility of attack, such as the reduction of porosity, were also undertaken to examine the impact of this parameter on corrosion rates.
The samples were exposed to both the molten cryolite electrolyte, and the anode gases above and below the electrolyte surface. After recovery, samples were cleaned of adherent frozen electrolyte ( figure  4 ) and weighed to test weight loss/gain. Samples were subjected to analysis by x-ray powder diffraction (XRD) and x-ray photoelectron spectroscopy (XPS). The microstructure was also examined by scanning electron microscopy (SEM) with x-ray analysis. The most aggressive attack is observed at the interface between electrolyte and the vapor space above the surface. This is a very typical wear pattern.
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Results
In the testing of these materials, high corrosion rates were typically associated with high porosity levels and a high β to α Si 3 N 4 ratio in the binder. 12 The binder phase contains mainly α and β Si 3 N 4 , low concentrations of oxides (Si 2 N 2 O and SiO 2 ), and is more reactive than the SiC matrix. 9, 10 Uneven distribution of α and β Si 3 N 4 content was typically observed in cross section of SNBSC bricks with higher β Si 3 N 4 content in the interior part of the brick. 11 The corrosion rate of the pre-soaked samples was thus measured as a function of their β Si 3 N 4 content. A positive, correlation between the corrosion rate and β Si 3 N 4 content was observed as seen in Figure 5 . The crystal morphology of β Si 3 N 4 is characterised by elongated, rod-like crystals with hexagonal cross section, and the increased surface area exposure of these crystals is suggested as a reason for the high reactivity observed in vapour phase attack (figure 4). This is aided by the high open porosity, typically 13-18%, leading to attack by both electrolyte and gaseous species. The comparison of microstructures is shown in figure 6 . This suggests several strategies for improvements to these materials. Closing the porosity to produce a fully dense material would limit vapour access and improving the resistance of the binder phase is clearly desirable. Experiments are underway to trial modified materials based on these concepts.
Conclusions
In the aluminium reduction cell, the materials challenge of a sidewall material resistant to molten cryolite Na 3 AlF 6 is considerable, despite the revolutionary redesign of the cell that this would enable. However there is still significant benefit in improving the performance of current materials. Commercial silicon nitride bonded silicon carbide refractories were thus subjected to microstructural analysis and testing under electrolysis conditions in a laboratory rig.
The nitride binder phase is significantly more reactive than the SiC. The α to β ratio in this Si 3 N 4 phase, linked to the temperature during nitridation, is correlated with corrosion resistance. Higher β levels, typically found in the interior of the refractory, are correlated with higher reactivity and attributed to the formation of elongated crystals with a high aspect ratio. Enhanced attack is observed at the interface between the molten electrolyte and the vapour phase above. In this zone, reactive gas concentrations (HF, CO 2 ) are highest and thus strategies such as reducing open porosity and limiting β content during manufacture of the refractory, open paths to improving performance.
